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   Despite its fundamental importance in cosmology, there have been very few straightfor-
ward tests of the cosmological principle.  Such tests are especially timely because of the 
hemispherical asymmetry in the cosmic microwave background recently observed by the 
Planck collaboration.  Most tests to date looked at the redshift dependence of cosmological 
parameters.  These are subject to large systematic effects that require modeling and bias 
corrections. Unlike previous tests, the tests described here compare galaxy distributions in 
equal volumes at the same redshift z. This allows a straight-forward test and z-dependent 
biases are not a problem.  Using ~106 galaxies from the SDSS DR7 survey, I show that re-
gions of space separated by ~2 Gpc have the same average galaxy correlation radii, ampli-
tudes, and number density to within approx. 5%, which is consistent with standard model 
expectations.   
  PACS numbers: 95.30.Sf, 04.20.Cv, 98.65.Cw, 98.62.Py 
1.  INTRODUCTION 
 One of the pillars of modern cosmology is the cosmological principle that states that, on 
sufficiently large scales, the universe is homogeneous and isotropic. To date there have been sur-
prisingly few tests of this principle.  Most of these have looked for a redshift (radial) dependence 
of important cosmological parameters or have used galaxy density projections on the sky.  The 
most reliable test is the isotropy of the cosmic microwave background (CMB).  However, there 
are many indications that the CMB is not, in fact, completely isotropic.  There are dozens of pub-
lications that suggest power asymmetries and unlikely alignments of low multipoles (see, for ex-
ample, [1, 2, 3, 4, 5]).  There are also indications of parity-violating asymmetries [6, 7].  Mariano 
and Perivolaropoulos [8] discuss several pieces of evidence for its violation: the apparent align-
ment of the WMAP asymmetry axes with those found in large-scale velocity flows [9], the fine 
structure constant dipole [10], and a dark energy dipole [11].  Each of these deviations from isot-
ropy is between 2 and 4. 
 The WMAP asymmetries have been criticized as being due to deficiencies in the WMAP 
subtraction of the microwave background from the disk of our Galaxy.  (See, for example, Ben-
nett et al. [12].)  Recently, however, more precise Planck satellite results have shown what ap-
pears to be a significant hemispherical asymmetry whose axis is almost 90° from the Galactic 
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axis [13].  The other anomalies in the WMAP data were also seen in the Planck data, including a 
parity-violating asymmetry.  The agreement between the two independent experiments effective-
ly rules out the possibility that their origin lays in systematic artifacts present in either data set.  
The Planck/WMAP results therefore suggest a small violation of isotropy. This tension with the 
cosmological principle is the subject of much discussion (see, for example, [1, 14]), which makes 
other tests of cosmic homogeneity that use probes other than the CMB of particular interest.  
 One expectation of homogeneity is that the length scales and amplitudes associated with gal-
axy distributions are constant everywhere except for a slow variation with look-back time (or 
redshift).  Direct tests of homogeneity that look at the matter distribution are difficult.  Unlike the 
CMB, the galaxy counts only include visible matter, not dark matter.  At the observational level, 
they do not cover a large part of the sky due to the obscuration by dust near the Galactic plane.  
Surveys of a large portion of the northern Galactic hemisphere have become available only re-
cently, and extensive surveys of the southern hemisphere are still not available.   
 Cluster sizes and counts have been an important tool for understanding dark energy and other 
questions in cosmology.  Most past studies of homogeneity using galaxy correlations have stud-
ied only the angle-averaged variation of galaxy distributions with redshift [15, 16, 17].  These 
suffer from the difficulty of accounting for the natural evolution with look-back time, as well as 
the changing composition of the observed galaxies with increasing redshift as the galaxies be-
come fainter and redder, and other redshift-dependent distortions.  These biases must be under-
stood in order to study the evolution of the correlations with increasing z [18, 19].  In addition, 
most of these studies are limited to distances ≲300 Mpc, and most use only 2D separations based 
on angular coordinates. 
 Techniques that require explicit cluster finding involve small samples (see, for example, 
[20]), and are also subject to serious redshift-dependent biases [21].  Galaxy counts have been 
used to look for mass concentrations or voids out to redshifts ~0.1, corresponding to distances 
~300 Mpc [22], while the largest observed structure, the Sloan Great Wall, is centered near 234 
Mpc [23]. 
 This analysis avoids these problems by using equal-volume regions of the sky that are at the 
same redshift but widely separated in distance.  It makes efficient use of all galaxies with spectra 
in the Sloan Digital Sky Survey Data Release 7 [24], and extends out to z ≈0.4.  It shows that the 
average size of galaxy clusters and clustering amplitudes can be measured to an accuracy ~5% to 
test for homogeneity over distance scales ranging from 200 to 2400 Mpc/h, where h is a scale 
factor ≈0.7.   
 In this analysis, clusters are not identified explicitly.  Instead, 3-D galaxy separation correla-
tion lengths and amplitudes are used as proxies for cluster sizes and spatial densities.  For sim-
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plicity, I refer to these statistical correlations as "clusters".  All comparisons are made between 
equal volumes at the same redshift.  
 
2.  THE SDSS SAMPLE 
 The SDSS DR7 database [24] contains ~800,000 galaxies with spectra for  z ≲ 1.  The sky 
coverage of the spectroscopic data is almost complete for right ascensions () between 110° and 
240° and declinations () between –5° and 60°.  For the hemisphere toward  = 0°, only narrow 
bands in     near –10°, 0°, and +10° are covered.  All objects with spectra that were classified as 
"galaxies" in the SDSS DR7 database were used in this analysis.  The spectroscopic redshifts 
have redshift uncertainties ≲0.06%; this allows an accurate determination of the 3-dimensional 
separation of galaxy pairs that was essential in the analysis. 
 
3.  THE ANALYSIS 
 The galaxies were binned in redshift, and in right ascension, and declination ranges of equal 
volume.  The 3-dimensional comoving distance between every pair of galaxies in each volume 
was calculated.  For an  = 1 universe the comoving distance between two closely spaced ob-
jects is given by the same expression as in Euclidean space.  In Cartesian coordinates, in terms of 
right ascension, declination, and comoving line-of-sight distance r(z), the coordinates are 
x ' = rp cos!, y ' = rp sin!, z ' = r sin" where  rp = r cos"            (1) 
This gives a right-handed coordinate system with the x ' -axis along  = 0°, the y'-axis along α 
=90°, and the z'-axis along   =90°.  The connection between the redshift and the comoving line-
of-sight distance r(z) is determined by the cosmological model chosen.  Since r is just a scale 
factor in calculating the galaxy separations, the choice of a model is not critical to this analysis.  I 
use a flat cold dark matter (CDM) model with  m=0.3, =0.7.  The 3D comoving separation d  
between two nearby objects is then 
    d = !x '2+ !y '2+ !z '2     (2)    
where  x', y', z'  are the finite differences along the x’, y’, z’ axes respectively. 
  For each (, , z) bin, the 3-dimensional separations were calculated and binned into 125 
bins for separations between 0 and 0.010 in dimensionless units (approx. 0 to 30 Mpc).  The sep-
arations were then calculated with the galaxies' right ascensions, declinations, and redshifts in 
each (, , z) bin randomly scrambled among the galaxies.  To reduce the statistical fluctuations 
in the scrambling process, 10 scrambling runs were averaged.  As a check on this procedure, as 
many as 100 scrambled runs were tried; this caused no significant change in the resulting param-
eters.  Figure 1 compares the ratio R of the not-scrambled (NS) and scrambled (S) distributions 
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for the number of pairs in each bin vs. separation d  for typical z ranges.  The peaking at small 
separations is a clear signal for galaxy clustering on a length scale ~0.003 in dimensionless units 
(~9 Mpc/h). The width of the peak is a measure of the average radius of clusters in the volume 
studied, and the amplitude of the peak or its integral is a measure of the clustering strength.   
 Occasionally in the SDSS data, large galaxies appear more than once with different IDs when 
different points in the same galaxy are chosen as centers.  Therefore pairs with separations 
<1x10–5 were excluded in order to remove possible duplicates.  (This is several times the radius 
of a typical large galaxy.)  The ratios were normalized to an average of 1.0 in the separation 
range 0.0064 to 0.010.  The correlation function used here is  
 !(" ,# , z) = NS $ SS = R $1   (3)  
where R is the NS/S ratio.  The solid curves in Fig. 1 are fits to an exponential,R !1= a0e!d /a1 , 
where a0 is the amplitude of the exponential, and a1 is a measure of the width or radius of the 
distribution.  The integral of the exponential is  a0 a1.  A least-squares fit to the exponential using 
bins 2 through 60, corresponding to 0.000125 < d <0.0048, was made.  The first bin was not used 
in order to avoid systematic effects due to the finite resolution of the SDSS camera (e.g., "fiber 
collisions").  The exponential fit, though simple and convenient, is not physically motivated, and 
sometimes gave poor  fits or failed completely.  This is apparent at small separations in Fig. 1.  
Therefore, a model-independent, numerical measure of the rms width of the peak rsum was de-
termined from the contents of the bins for separations 0.000125 < d < 0.0048.  As a measure of 
the clustering strength, Isum is defined as a numerical integral or sum of the bin contents.  Gener-
ally the radii and integrals from the exponential fit tracked those from the histogram bins very 
well.  However, those from the contents of the bins typically had somewhat smaller uncertainties 
and were more robust when the bin occupancy was small.   In the following, only the radii and 
integrals from the sum over bins will be given. 
 The uncertainties in the fitted radii and integrals were estimated in several ways.  Statistical 
errors could be estimated from the contents of the separation bins with the correlations between 
the points taken into account.  A jackknife resampling method using 10 non-overlapping sub-
samples, each with 10% of the data, was also used to estimate uncertainties.  The resampling 
runs were done with the same programs as the normal runs with the same (, , z) bins.  The 
resampling method typically gave uncertainties ~50% larger than the statistical ones.  In the fol-
lowing, to be conservative, the resampling uncertainties are given. 
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Figure 1 – Typical plots of NotScrambled/Scrambled correlation vs. separation in dimensionless 
units and Mpc for 3 redshift ranges.  The smooth curves are fits to an exponential. 
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 The effects of systematic uncertainties, such as edge effects, depend on the context.  Gal-
axies at the edge of the defined volumes will have neighbors on one side only.  These effects are 
expected to be small as long as the dimensions of the slice are much larger than the cluster size 
~9 Mpc/h.  [For example, the volumes for 0.2 < z < 0.3 were ~(500 Mpc/h)3.] Systematics due to 
edge effects were minimized by using the same size angle bins when looking for possible varia-
tions in the radii and integrals with right ascension and declination.  Tests for this were made by 
dividing the slices into smaller ranges of right ascension and declination.  No significant changes 
in the parameters were seen for z > 0.04.  Regions near the limits of the SDSS coverage were al-
so not used.  For a given redshift the angle bins all had the same volume and the numbers of gal-
axies in each were approximately the same. 
 The redshift dependence is more complicated.  The spatial density of observed galaxies de-
creases with increasing z since only the brightest galaxies are above the detection threshold at 
higher z.  Therefore, at larger z the composition of the SDSS sample changes to include only the 
brightest, most massive galaxies that are more strongly clustered.  Higher z also corresponds to 
earlier epochs when the clusters were more diffuse (i.e., larger comoving radii and lower ampli-
tudes or integrals).  The question of the z dependence has been discussed in many references and 
will not be addressed here.  See, for example, Ref. [16, 18, 19] and references cited there. 
 
4.  VARIATION OF RADII AND INTEGRALS WITH ,  AND GALAXY DENSITY 
 Figure 2 compares the correlation radii and integrals for 5 right ascension bins, each 24° wide 
for 4 redshift ranges.  Declinations between 0° and 60° were used.  Error bars that are smaller 
than the symbol sizes are not shown. As discussed in Sec. 6, the observed variations of rsum and 
Isum with  are consistent with that expected from cosmic variance. The Isum show a significant 
evolution with increasing z due to the selection effects in the SDSS sample.  Similar plots (not 
shown) of these quantities vs.  show no significant variation with   in the range 0° to 60°. 
 The variation of rsum and Isum with galaxy number density could be studied by choosing a 
fraction of the SDSS galaxies at random.  For example, with ½ of the galaxies, rsum increased by 
17% and Isum decreased by 31% for 0.20 < z < 0.30.  In the analysis, for a given z range the vol-
ume of each right ascension bin was kept constant and the number of galaxies in each bin was 
the same to within about 8% for the higher redshift ranges and 14% for 0.08 < z < 0.10.  The var-
iations of galaxy counts in the different z and  bins did not appear to be correlated with . 
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Figure 2 – Correlation radii and integrals vs. right ascension  for 4 redshift ranges.  Except 
where shown, the uncertainties are smaller than the symbols.  The integrals show a significant 
evolution with increasing redshift.  The horizontal lines show the average integrals for 4 redshift 
bins.  Results for 0.3 < z < 0.5 and z < 0.08 have larger statistical errors and are not shown. 
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Figure 3 – Comparison of correlation radii and integrals at different redshifts for regions in the 
NGC and SGC with similar geometry and spatial density.  For z ~ 0.4, these regions are separat-
ed by ~2.4 Gpc.  The scale on top gives the separation in Mpc/h.  The observed differences be-
tween the NGC and SGC at the same redshift are generally consistent with variations expected 
from cosmic variance for the small volumes studied. 
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5.  COMPARISON OF THE NORTH AND SOUTH GALACTIC CAP REGIONS 
 It is of interest to compare the correlation parameters over regions of space as far apart as 
possible.  Most of the SDSS galaxies with spectra are in the north Galactic cap region toward (, 
) = (193°, 27°).  For the hemisphere toward  = 0°, only narrow bands in    near –10°, 0°, and 
+10° are covered.  This disparity complicates a comparison of the NGC and SGC regions.  To 
allow this comparison, two slices with a width of 2.4° in   and in opposite hemispheres were 
selected.   Both slices included a range of about 100° in .  When necessary, the appropriate 
numbers of galaxies in the NGC were randomly selected so that the spatial densities of galaxies 
in both hemispheres were approximately equal.  The rsum and Isum for 6 ranges of redshift are 
compared in Fig. 3.   At the higher redshifts the rsum and Isum at the same z are in good agreement 
for the two hemispheres.  However, for z ≲ 0.2 there is some evidence of larger rsum and slightly 
smaller Isum toward the NGC, but it is likely that this small discrepancy is due to edge effects.  
The regions studied are only 2.4° wide in declination and the volumes are quite small, especially 
at the lower redshifts.   Despite the attempt to match the geometries and spatial density in the two 
regions it is not possible to exactly match the spatial distributions within the slices.  In any case, 
the volumes of the slices involved are ≲0.01 Gpc3.  Fluctuations much	  greater	  than	  10% are 
expected for volumes that small within the standard model [25], as discussed further in the next 
section.  On the other hand, the good agreement for the larger volumes with z > 0.2 shows that 
the correlation radii and amplitudes are very similar for regions of space at equal z that are sepa-
rated by ≈2.4 Gpc from each other. 
 
6.  DISCUSSION 
 There have been surprisingly few explicit tests of cosmic homogeneity and isotropy, despite 
its fundamental importance in cosmology.   In fact, the latest Planck results seem to show a 
“hemispherical asymmetry” with a probability <0.008 at smoothing scales of 5° [13].  The hemi-
spherical asymmetry has an axis roughly at right ascension 108° with  ≈ –10°.  A similar anisot-
ropy was seen in the WMAP data. (See, for example, [26, 27].)  This presumably is due to an 
over-density toward the northern ecliptic hemisphere.  The data in Fig. 2 span  = 130° – 230°.  
Unfortunately, the SDSS data do not extend to 108°, which is very close to the Galactic disk, so 
it is difficult to check for a locally over-dense region there using galaxy survey data.  The Isum 
data for 0.20 < z < 0.30 in Fig. 2 do hint at an increase at  ≲	  150°.   
 Table I gives the mean Isum and  rsum for the 5 equal-volume  slices in Fig. 2 at each redshift 
range and their standard deviations calculated from the spread among the 5 slices.  Mean galaxy 
counts, ng, in each are also given. Watson et al. [25] estimate the fluctuations in galaxy counts 
~10% due to cosmic variance would be expected in the CDM model for volumes ~(0.5   
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Redshift range Mean Isum Mean rsum Mean ng Volume (Gpc3) 
Expected 
variation 
0.30 – 0.50 23.10 ± 3.5% 1.96 ± 2.0% 12499 ± 3.1% 21.1 1.5% 
0.20 – 0.30 19.54 ± 5.1% 1.695 ± 2.4%  9124 ± 4.9% 4.9 3.2% 
0.15 – 0.20 14.68 ± 4.0% 1.615 ± 1.9% 16102 ± 6.2% 1.3 6.2% 
0.10 – 0.15 11.93 ± 5.2% 1.568 ± 5.1% 31179 ±7.2% 0.69 8.5% 
0.08 – 0.10 9.41 ± 6.0% 1.520 ± 5.6% 14771 ± 11.1% 0.15 18.4% 
Table I – Parameters for fit of Integrals and Radii in Fig. 2 to a constant for the 5 equal-volume 
right ascension slices.  The standard deviations for Isum and rsum are calculated from the variation 
among the 5 slices and are given in percent.  The ng are the galaxy counts.  The approximate 
comoving volumes for each slice are shown in the next-to-last column.  The last column gives 
the fluctuations expected from cosmic variance based on CDM estimates in Ref. [25]. 
 
 
Gpc/h)3.  The last column in Table I gives the expected variation in these parameters based on 
the Watson et al. estimate with the assumption that the variation scales as (Volume)–½.  The ob-
served standard deviations for the ng and Isum are consistent with that expectation.  The Watson et 
al. simulations [25] do not include smearing of the cluster radii due to the relative motion of gal-
axies within the cluster and other important details.  They therefore cannot make reliable predic-
tions for the variations in rsum  for the right ascension slices. 
 The correlation lengths found here, ≈4.8 Mpc/h, are roughly consistent with other measure-
ments (Zehavi et al. [28]; Davis & Peebles [29]), though the radii are definition dependent.  
Zehavi et al., using the standard !(r) = (r / r0 )"#  fit to SDSS data, find that r0  increases from 
2.83±0.19 Mpc/h for R-band luminosityMr ! "17.5  and z ! 0.02  to 10.00±0.29 Mpc/h for 
Mr ! "22.5  and z ! 0.17 .  Carlberg et al. [30], analyzing the CNOC2 high-luminosity sample 
with a luminosity-compensated absolute magnitude, find that r0  decreases from 4.75±0.05 
Mpc/h for z ! 0.10  to 4.26±0.18 Mpc/h for z ! 0.49 .  None of the previous analyses attempt to 
compare the correlation amplitudes and none compare different regions of the sky at the same 
redshift. 
 There has been considerable discussion of alternatives to dark energy that attempt to explain 
the cosmic microwave background data and the Type Ia supernovae data using an inhomogene-
ous universe.  One alternative model supposes that we are located near the center of a large, un-
derdense, nearly spherical, void. (See, for example, Clifton, Ferreira, and Land [31];  Zibin, 
Moss & Scott [32].)  While this analysis does not address the radial dependence question, it does 
show that we would have to be within several hundred Mpc/h from its center. 
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7.  CONCLUSIONS 
 The concordance ΛCDM model of the Universe assumes the cosmological principle that the 
Universe is homogeneous and isotropic on sufficiently large scales.  The cluster radii and ampli-
tudes from the SDSS data provide a direct test for inhomogeneity.  The data in Fig. 2 and Table I 
show that the cluster radii and amplitudes are constant to about 5% over distance scales ~1 Gpc.  
The comparison of the north Galactic cap region with the south cap in Fig. 3 shows that they are 
equal to about 10% for regions separated by ~2.4 Gpc in the other direction.  These findings are 
consistent with expectations of cosmic variance in the CDM model [25]. 
 The correlation parameters at constant z appear to be consistent in all directions, so that the 
void model that poses an alternative explanation to the dark energy paradigm is only tenable if 
we happen to be near the center of a large void that has a galaxy density ~1/4th that of the sur-
rounding universe.  
 This analysis would not have been possible without the dedicated efforts of the SDSS collab-
oration.  
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